Resistance to conventional chemotherapeutic agents, a typical feature of cholangiocarcinoma, prevents the efficacy of the therapeutic arsenal usually used to combat malignancy in humans. Mechanisms of chemoresistance by neoplastic cholangiocytes include evasion of drug-induced apoptosis mediated by autocrine and paracrine cues released in the tumor microenvironment. Here, recent evidence regarding molecular mechanisms of chemoresistance is reviewed, as well as associations between well-developed chemoresistance and activation of the cancer stem cell compartment. It is concluded that improved understanding of the complex interplay between apoptosis signaling and the promotion of cell survival represent potentially productive areas for active investigation, with the ultimate aim of encouraging future studies to unveil new, effective strategies able to overcome current limitations on treatment.
Introduction
Cholangiocarcinoma (CCA) is one of the most aggressive and lethal malignancies in humans. CCA comprises a heterogeneous group of liver cancers, originating from epithelial cells lining the bile ducts (cholangiocytes), including both the extrahepatic and intrahepatic segments. The extrahepatic form is more common, accounting for 80%-90% of CCAs, and depending on the location within the extrahepatic biliary system, this type is divided further into perihilar (Klatskin tumor) and distal [1, 2] . Although deemed as a 'rare' tumor, the incidence of intrahepatic CCA (iCCA) specifically has steadily increased worldwide over the last few decades, with an increased incidence in males [3] . The highest rates are observed in Eastern Asia, in regions endemic for hepatobiliary fluke infestations (Thailand: up to 85 per 100,000). Progressive rises have also been reported in Western countries; CCA has reached an incidence of 1.67 per 100,000 in the USA, while in Europe, it ranges from 0.45 (Switzerland) to 3.36 (Italy) per 100,000 [3, 4] . Based on these epidemiological data, CCA has currently become the second most common primary hepatic malignancy, after hepatocellular carcinoma (HCC), thus generating renewed interest of the scientific community towards this disease. Until recently, CCA has been little studied, largely because of the lack of experimental models, limited availability of tissue samples and a lower priority for research funding compared with other more common malignant diseases [5] . This has led to persistent gaps in knowledge, particularly in the field of therapy and treatment strategies. Radical treatment options for CCA remain limited to liver resection, but can only be offered to a minority of patients (20%-40% with iCCA) because of the propensity of CCA for early dissemination. Liver transplantation is available only for carefully-selected cases in just a few, highly-specialized liver centers [6, 7] . Both surgical procedures are further complicated by high rates of recurrence [6, 7] and the likely advanced stage of malignant disease at diagnosis. Prognosis for patients with CCA is therefore typically poor, with median survival of less than 24 months, and just 5% of the patients survive beyond five years from diagnosis. For patients ineligible for surgery, palliation that includes radiotherapy or stenting to relieve biliary obstruction may provide some benefit [6] . Pharmacological interventions have proved disappointing due to the high resistance of CCA to drug-induced cytotoxicity, so that until a few years ago, chemotherapy was generally excluded from the treatment algorithm for these patients [1, 8] . Intrinsic resistance to drug cytotoxicity is a key feature of normal cholangiocytes since they are equipped with a rich repertoire of defense enzymatic activities that protect them from toxic compounds present in bile and/or hepatic blood [9] . Following malignant transformation, an additional protective role is played by the extensive desmoplastic microenvironment wherein the neoplastic ducts are embedded, termed tumor reactive stroma (TRS). Recent data support the concept that the TRS is a key determinant of decreased sensitivity of CCA to drug-induced cytotoxicity, hampering responses to chemotherapy and resulting in a poor clinical outcome. Resistance to chemotherapy thus represents a major issue in CCA treatment. Indeed, in contrast to HCC, where early detection of malignant change is a major goal of the cirrhosis follow-up process, CCA is often diagnosed at advanced stages, because of the lack of symptoms and the frequent absence of a liver disease background that demands ongoing routine clinical surveillance. For the newly-diagnosed CCA patient ineligible for surgery, palliation is often the only option apart from those allocated to specific clinical trials. Although chemotherapy has been classically recognized to be unsuccessful, gemcitabine has sometimes been prescribed in "off-label" regimens, based on its approved use in pancreatic cancer, together with fluoropyrimidines and cisplatin. A recent study of more than 400 patients with advanced CCA suggested that combined cisplatin and gemcitabine improved patient overall survival by around four months compared with patients undergoing gemcitabine alone, thus opening potential new pharmacological perspectives for patients ruled out from surgery [10] .
Here, we present an in-depth analysis of autocrine and paracrine pro-survival signals originating in the tumor microenvironment. We attempt to apply reviewed data (based on a systematic literature search) to suggest how the avoidance of normal apoptotic mechanisms in cancer cells may cause chemoresistance in CCA.
Mechanisms of Chemoresistance
The lack of sensitivity of tumor cells to chemotherapeutic drugs is still a major cause of disease progression and mortality in cancer patients, especially in those with recurrent or advanced malignancy. Chemoresistance is generally categorized into two different groups: primary, developing at the start of any given treatment, and secondary (or acquired), occurring at a certain point of the treatment schedule, after a number of chemotherapeutic cycles [11] . CCA is paradigmatic of the malignant tumors with primary chemoresistance [12] . Mechanisms underpinning chemoresistance are multiple and affect drug metabolism (including uptake, export and intracellular biotransformation), the expression of specific molecular targets mediating drug effects on cancer cells, the ability of repair mechanisms to circumvent drug-induced DNA damage and the balance between pro-and anti-apoptotic factors [12] .
Given the strong involvement of biliary epithelium in modifying bile composition through fluidification and alkalinization of the primary bile secreted by hepatocytes, cholangiocytes are constitutively endowed with multiple membrane carriers that mediate both the uptake and extrusion of many different molecules [13] . These transport activities enable cholangiocytes to regulate the intracellular levels of several xenobiotics of both an anionic and cationic nature, including anti-cancer drugs. For example, the organic anion-transporting polypeptides (OATP) and organic cationic transporters (OCT) are extensively expressed by cholangiocytes, where they mediate the uptake of methotrexate, taxanes and imatinib (OATP) [14, 15] , as well as of platinum and tyrosine kinase inhibitors (OCT) [16] . Additional cholangiocyte carriers are the nucleoside transporters, equilibrative and concentrative, regulating active transport of gemcitabine and 5-fluorouracil (5-FU) [17, 18] . Recent data indicate that in CCA cells, these transporters can be variably down-modulated, thus decreasing the intracellular accumulation of these drugs. At their apical aspect, cholangiocytes possess a wide range of efflux pumps. These belong to the ATP-binding cassette (ABC) family of multidrug resistance (MDR) proteins, which regulate the extrusion of many substrates, including several chemotherapeutic agents, such as paclitaxel, against a concentration gradient [19] . Transporters expressed by cholangiocytes are finely and timely regulated at a transcriptional level by a class of specific transcription factors, the nuclear receptors, which provide an adaptive response to meet the variable physiological needs according to the bile and plasma levels of transported solutes. An example of this regulatory mechanism is the control of MDR expression by the farnesoid X receptor (FXR), the main nuclear receptor activated by bile acids. As bile acid concentration rises in the liver during cholestasis, FXR is bound by bile acids, and its transactivation leads to the upregulation of MDR. Since cholestasis commonly develops in CCA, this mechanism leads to MDR overexpression on tumoral bile ducts, thus enabling drug extrusion out of cancer cells [20] . A similar chemoresistant phenotype derived from ABC transporter overexpression is particularly relevant in breast cancer, where the first ABC transporter associated with chemoresistance was discovered (ABCB1/P-glycoprotein). Inhibition of ABCB1/P-glycoprotein has been proposed as a strategy to reverse the MDR phenotype, although its high toxicity profile has limited results [21] .
To exert cytotoxic effects, several anticancer drugs necessitate metabolic activation, before being eventually inactivated by conversion into water-soluble metabolites amenable to excretion into bile or urine. Therefore, intracellular enzymatic functions promoting chemoresistance include either decreased activation of pro-drug compounds or enhanced inactivation of active metabolites. These activities are operated by biotransformation enzymes of Phases I and II, which are constitutively expressed in liver cells, but are present also in many cancer cell types. For instance, CCA cells express enzymes crucially regulating gemcitabine and 5-FU metabolism, acting as phosphorylase or monophosphate synthetase [22] . Drug metabolism is also dependent on the intracellular levels of glutathione (GSH), as occurs for cisplatin, which is conjugated with GSH by glutathione-S-transferase (GST) to be inactivated. Of note, GST is constitutionally expressed in cholangiocytes and further stimulated in CCA cells [23] . Increased expression of GST has been also reported in ovarian cancer, where it directly correlates with resistance to cisplatin.
A prerequisite of effective response to any given chemotherapeutic agent is the expression by cancer cells of the specific molecular target, which sustains its anticancer effect. If target expression is decreased, the drug cytotoxic effect is diminished. For instance, a reduced expression of topoisomerase-I (topo-I), involved in DNA replication, has been reported in colorectal and ovarian cancer cells resistant to irinotecan, acting through covalent binding to topo-I [24, 25] . In CCA cells, expression of estrogen receptor (ER)-α and ER-β, whose activation modulates the balance between proliferation (mediated by ER-α) and apoptosis (mediated by ER-β) [26] , can affect response to both tamoxifen, an ER antagonist [27] , and KB9520, a selective ER-β agonist [28] .
The mechanism of action of many anticancer drugs, such as cisplatin and 5-FU, relates to DNA damaging effects, resulting in the generation of bulky DNA adducts, which are responsible for cell cycle arrest and cell death. However, cells possess different strategies to repair DNA damage. Among them, the nucleotide excision repair (NER) pathway is one of the most extensively studied. The NER pathway leads to the activation of several endonucleases cleaving DNA adducts, such as the excision repair cross-complementing 1 (ERCC1), whose overexpression has been observed in several platinum-resistant cancer cells, including colorectal [25] , ovarian [29] , gastric [30] and CCA as well [31] . Notably, ERCC1 down-modulation in ovarian cancer cells by antisense oligonucleotides enhanced cisplatin cytotoxicity both in vitro and in in vivo xenograft models [32] . In addition to NER, there are other DNA damage repair mechanisms driven by RAD51 and DNA mismatch repair (MMR) proteins. RAD51 is a recombinase associated with low sensitivity to neoadjuvant chemotherapy in breast cancer [33] , which has been found to be upregulated in CCA [34] . The MMR family is essential to maintain genomic stability, by scanning newly-synthesized DNA to detect single-base mismatches and nucleotide insertion-deletion errors [35] . MMR gene defects have been associated with cisplatin resistance, given the ability of MMR proteins to detect specific DNA adducts [36] . Mutations in MMR genes (MSH2, MSH3, MSH6, hMLH1, PMS2) have also been found in CCA, where they are associated with a stronger chemoresistant profile and worst outcome [12] .
Mechanisms of Chemoresistance Depending upon Evasion from Apoptosis
Altered sensitivity to drug-induced apoptosis plays a pivotal role in the chemoresistance of many malignant tumors and derives from an imbalance between anti-apoptotic (downregulated or inactivated) and pro-apoptotic (upregulated or aberrantly activated) signals. These signals are particularly susceptible to modulation by soluble factors (cytokines, chemokines, growth factors) that originate in the tumor microenvironment either from the tumor cell itself or from the surrounding stromal inflammatory cells. Both extrinsic (mediated by death receptors belonging to the tumor necrosis factor (TNF) receptor superfamily, such as Fas, and DR4/DR5) or intrinsic (mediated by mitochondrial proteins) pathways of apoptosis can be affected.
Among mitochondrial proteins, overexpression of anti-apoptotic members of the Bcl-2 family is a phenotypic trait frequently underlying sensitivity loss to anticancer drugs. Aberrant expression of the prototypical member Bcl-2 was originally described as a result of chromosomal translocation in follicular lymphoma, but subsequently, it was also frequently observed in solid tumors [37] and in CCA cell lines [38] . Notably, Bcl-2 overexpression is a defining feature of reactive cholangiocytes, an early histological marker for many non-neoplastic primary diseases of the biliary epithelium [39] , thus indicating a constitutive ability of cholangiocytes to escape from apoptosis following liver injury. Among the proteins of the Bcl-2 family, myeloid cell leukemia (Mcl)-1 is an important pro-survival mediator and the major anti-apoptotic protein expressed in cholangiocytes [40] , playing a key role in the MDR phenotype, which is amenable to selective inhibition by different compounds, such as maritoclax [41] . In non-small cell lung cancer, Mcl-1 downregulation reversed cisplatin resistance [42] . Interestingly, Mcl-1 expression is stimulated by bile salts, in particular by glycochenodeoxycholate, which hinders its proteasomal degradation by the ubiquitin E3 ligase through MEK-dependent phosphorylation [43] . This mechanism is likely relevant in cholestasis and, thus, in CCA. On the other hand, inactivation of Bax, a pro-apoptotic protein member of the Bcl-2 superfamily, has been observed in colorectal cancer, due to somatic loss-of-function mutations [44] . Whether expression levels of Bcl-2 and Bax actually correlate with response to chemotherapy is as yet uncertain, as shown in breast [45, 46] and colorectal cancer [47] . However, upregulation of Bcl-2 in conjunction with downregulation of Bax is a signature of iCCA cells with resistance to cisplatin and 5-FU and depends on the activation of extracellular signal-regulated kinase (ERK)1/2 and AKT pathways [48] . Functional defects in the pro-apoptotic transcription factor p53, which upregulates both intrinsic (Bax) and extrinsic (Fas) mediators of apoptosis, were originally associated with decreased sensitivity to 5-FU, in vitro [49] , but no current evidence supports p53 status as a determinant of response to anticancer drugs. Nevertheless, TP53 mutations have been associated with poor outcome in CCA patients [50] . Defective activation of caspases is another mechanism frequently decreasing chemosensitivity in cancer cells. In this context, inhibitors of apoptosis proteins (IAPs) are a family of intracellular effectors, including X-linked inhibitor of apoptosis protein (XIAP) and survivin, whose pro-survival activity relies on their ability to bind active caspases (-3, -7 and -9). XIAP behaves as a potent chemoresistant factor in ovarian cancer [51] , while survivin overexpression hampers drug-induced apoptosis in a variety of cultured cancer cells [52] , and its expression levels correlate negatively with response to chemotherapy in ovarian [53] and esophageal cancer [54] . XIAP and survivin are both upregulated in CCA cells, where they induce chemoresistance [55, 56] .
Inhibition of extrinsic apoptosis may also contribute to chemoresistance in several cancer conditions. In this mechanism, death receptors are directly stimulated by ligand binding, e.g., Fas (CD95) by Fas ligand and DR4/DR5 by TNF-related apoptosis-inducing ligand (TRAIL). Their stimulation results in recruitment of adaptor proteins, such as Fas-associated death domain (FADD), and subsequent activation of initiator caspases (caspase-8, also known as FADD-like interleukin-1β-converting enzyme (FLICE), and caspase-10), which eventually activate pro-apoptotic effector pathways. Human cholangiocytes constitutively express both Fas [57, 58] and DR5 [59] . A defective function of Fas and DR4/DR5 represents an additional mechanism of tumor chemoresistance. In fact, down-modulation of Fas expression has been reported in either hematologic (leukemia) or solid (neuroblastoma) malignancies with strong chemoresistance, whereas loss of TRAIL receptor expression has been extensively described in many common epithelial cancers, including breast, lung and HCC [60] . Of note, perturbations of TRAIL receptor delivery to the cell membrane from endoplasmic reticulum have been also observed in colon cancer cells [61] . In addition, some soluble factors may inhibit ligand binding to Fas, as nucleolin in B-cell lymphoma [62] . Alternatively, decoy receptors can be aberrantly expressed by cancer cells and allow them to escape from TRAIL-induced apoptosis, as TRAIL-R3 does in gastric carcinoma [63] . Upregulation of cellular FLICE-like inhibitory protein (c-FLIP) in cancer cells, preventing procaspase-8 processing, is a further inhibitory mechanism of death receptor-mediated apoptosis, which is relevant for chemoresistance in colorectal cancer [64] and HCC cells [65] . Similar to nucleolin, calmodulin exerts inhibitory effects on Fas-induced apoptosis by interacting with Fas, a possible mechanism of chemoresistance in CCA [66] . Notably, several of these anti-apoptotic proteins, including Bcl-2, Bcl-X L , IAPs and c-FLIP, are upregulated by the transcriptional activation of nuclear factor kappa B (NFκB) [67] , thus highlighting a link between inflammation and chemoresistance. Indeed, NFκB is a key regulator of inflammation in many disease conditions, including cholangiopathies, and its inhibition enhances chemotherapy-induced apoptosis in epithelial cancers with intense stromal reaction, as shown in head-neck squamous carcinoma [68] and in pancreatic carcinoma [69] .
Altogether, these mechanisms of chemoresistance are profoundly modulated by cues released in the tumor microenvironment, leading to a highly cross-talking, "multiethnic cellular society". The fine arrangement of the TRS, including the multiple cell elements engaged in the complex interplay with the malignant epithelial counterpart, will be now reviewed.
Tumor Reactive Stroma
Excessive deposition of connective tissue that develops in conjunction with growth of tumor epithelial cells results in an integrated and well-tuned system, fed and sustained by complex mutual interactions. In CCA, this histopathologic feature, originally called desmoplasia or, more recently, TRS, is particularly prominent and profoundly affects how neoplastic ducts grow [70, 71] . Unlike normal stroma, where a few quiescent fibroblasts lay within a physiological extracellular matrix (ECM), TRS contains a wide population of mesenchymal, inflammatory and immune cells embedded in a structurally-modified ECM. The TRS cell population includes perpetually-activated fibroblasts (termed cancer-associated fibroblasts (CAF)) [72] , tumor-associated macrophages (TAM) [73] , T cells, neutrophils and endothelial cells, within an ECM scaffold mainly enriched in fibrin and collagen type I fibers [72] . Paracrine or endocrine signals consist of growth factors, cytokines, chemokines and proteases released in a dysregulated fashion without temporal control. These factors actively contribute to the generation of the tumor microenvironment, encouraging an extensive cross-talk among the different cell types. Importantly, degradation of the basement membrane where transformed duct cells reside is a prerequisite permissive of the extensive web of communications in this region [71] . In contrast with the common mechanisms governing tissue repair and remodeling after tissue injury, the TRS may be regarded as an excessive "wound healing" [74] , aimed at supporting epithelial cell survival, proliferation, motility and invasion [71] . Besides being a defining characteristic of CCA, an abundant TRS is also found in other highly invasive epithelial cancer types with pronounced multidrug resistance properties, such as pancreas [75] , breast [76] , ovary [77] and prostate [78] . Whilst a number of studies, both in vitro and in vivo, have highlighted the importance of the cooperation between neoplastic and stromal cells in promoting tumor progression [79, 80] , the ability of TRS cells to induce cancer cell resistance to chemotherapy has emerged only recently [81, 82] .
Cancer-Associated Fibroblasts
CAF, the major cellular component of the TRS, play a critical part in all steps of carcinogenesis, from neoplastic transformation to tumor dissemination [72] . Their cell source has been the subject of intense debate, since in the liver they may derive from hepatic stellate cells, portal fibroblasts or circulating bone marrow-derived mesenchymal cells; hypothetical origins via epithelial-tomesenchymal transition (EMT) have however now been ruled out [83] [84] [85] . CAF are recruited close to the epithelial compartment and are persistently activated by the wide range of soluble factors produced by the tumor cells themselves, as well as by the multiple inflammatory cell types populating the TRS. Among these factors, platelet-derived growth factor (PDGF)-D, transforming growth factor (TGF)-β, reactive oxygen species (ROS) via secretion of nitric oxide (NO) and fibroblast growth factor (FGF)-2 are those more extensively characterized [86] . Once in close proximity to transformed cells in tumoral ducts, CAF favor tumor growth as a result of overexpression of hepatocyte growth factor (HGF), heparin-binding epidermal growth factor (HB-EGF) [87] , TGFβ and stromal cell-derived factor (SDF)-1 (also known as CXCL12) [71] . Indeed, HGF, EGF and SDF-1 stimulate the migratory capabilities of CCA cells by activating ERK-1/2 and Akt [88] . On the other hand, CAF can further recruit monocytes, macrophages, endothelial cells and inflammatory cells to the TRS, given their ability to secrete numerous growth factors, such as vascular endothelial growth factor (VEGF) and FGF, coupled with a variety of cyto/chemokines, including monocyte chemoattractant protein (MCP)-1 (also known as CCL2), SDF-1 and interleukin (IL)-1. Moreover, CAF are able to promote cancer invasiveness by eliciting structural changes in the ECM supporting the TRS. These structural alterations include upregulation of neuropilin-1, a co-receptor and signaling amplifier of various VEGF family members, the matrix metalloproteinases (MMP)-1, -2 and -9, facilitating matrix degradation associated with the progression of many cancer types, and periostin and tenascin C [89, 90] . Periostin and tenascin C are two highly reactive ECM components, which induce the expression of integrins α5β1 and α6β4, transmembrane heterodimeric receptors mediating cell-cell and cell-ECM interactions [89] . Their upregulation in neoplastic cholangiocytes leads to the activation of the phosphoinositide 3-kinase (PI3K)/AKT signaling pathway, which eventually stimulates escape from apoptosis and cell invasion. In addition, CAF may also affect the chemoresistance of CCA cells, an effect dependent on the activity of periostin, prostaglandin E2 (PGE2), sphingosine-1-phosphate and PDGF-B. In this context, the ECM may further support these CAF-mediated pro-tumorigenic effects, acting as a reservoir of soluble factors, which are then supplied continuously [71] .
Tumor-Associated Macrophages
Tumor-associated macrophages (TAM) are M2-polarized macrophages (mainly deriving from circulating monocytes) that infiltrate the tumor microenvironment and promote tumor progression [73] . While M2 macrophages are involved in tissue remodeling, as well as in angio-and lymphangio-genesis, M1 macrophages seem to mainly exert tumor suppression functions via a high production of T-cell stimulatory cytokines [73] . TAM infiltration is associated with a poorer prognosis in many cancer types, including CCA [91] . However, recent data indicate that a subset of TAM with a mixed M1/M2 phenotype localized at the tumor periphery is actually involved in CCA progression, and molded by the cancer stem cell (CSC) niche [92] . TAM derive from circulating monocytes, which are recruited into the substance of the tumor by a wide range of chemokines, especially MCP-1/CCL2, CXCL1, CXCL10 and SDF-1/CXCL12, released either by tumor cells or other stromal cells [73, 93] . Once drawn into the tumor, monocytes differentiate into M2 macrophages upon stimulation of many soluble mediators, such as PGE2, IL-2, IL-10 and TGF-β1 secreted by CAF and other inflammatory cells [71] . Although TAM density correlates with a poor outcome after surgical resection, their precise pro-oncogenic effects remain uncertain. They possibly depend on the stimulation of tumor cell motility and invasion, by various factors differentially involved in angiogenesis and ECM remodeling. For instance, colony stimulating factor (CSF-1), granulocyte-macrophage colony stimulating factor (GM-CSF), VEGF, FGF-1/2, PDGF, insulin-like growth factor (IGF)-1, TGF-β, IL-1, IL-6, IL-8, leukemia inhibitory factor (LIF), prostaglandins, interferon (IFN)-γ, TNF-α and MMPs have been reported [71, 94] . Recent findings suggest that in CCA, TAM-derived CCL18 and CXCL9 may direct the self-renewal and drug-resistance properties of the CSC compartment [92] .
Endothelial Cells
Another structural component of the TRS that in CCA is particularly prominent is the lymphatic vasculature. In CCA, lymphatic vessels are likely the main root of the metastatic spread. In this neoplasia, an extended and highly branched lymphatic bed nearby CAF and neoplastic ducts is a common histological picture. Both CAF and TAM are sources of specific lymphangiopoietic growth factors, such as VEGF-A, -C, -D and angiopoietin-1 and -2, as reported in breast cancer [95] [96] [97] . In contrast with the marked expansion of the lymphatic vasculature, blood vessels are significantly reduced in CCA compared with HCC, thus contributing to the hypoxic milieu in CCA [85] . Of note, hypoxia is a potent driver of tumor invasiveness via activation of the hypoxia inducible factor (HIF)-1α, the expression levels of which directly correlate with tumor size and inversely correlate with disease-free and overall survival in iCCA [98] . Moreover, HIF-1α stimulated PDGF-D expression by CCA cells, promoting recruitment of CAF [85] . It is worth noting that in solid tumors, the significant reduction in the blood vasculature accompanied by an increased deposition of collagen type I-enriched fibrotic tissue imposes a "barrier" effect that may further contribute to chemoresistance by decreasing drug delivery and availability at the tumor site [99] .
Cancer Stem Cells
CSCs represent a peculiar sub-compartment of the tumor cell population crucially involved in tumor initiation and dissemination. CSCs are generally dormant or slowly cycling tumor cells with high tumorigenic potential, mostly localized as small clusters at the tumor-host interface, often along the external fibrous capsule [100, 101] . CSCs are characterized by unlimited self-renewal capacity, hyperproliferation and the ability to reconstitute tumors by generating multiple tumor-derived cell types. CSCs also possess strong chemo-and radio-resistant properties and are responsible for disease recurrence after surgical or systemic interventions. Moreover, CSCs are, at least in part, responsible for metastatic dissemination of tumors, given their ability to escape from natural killer cell-dependent surveillance mechanisms [102] . CSCs have been identified in different types of epithelial cancers, including breast [103] , pancreatic [104] and liver, both HCC [105] and CCA [106] . To date, the cell origin of CSC is controversial. It has been hypothesized that in liver tumors they might arise from dedifferentiation of hepatocytes or cholangiocytes, based on their phenotypic plasticity and high proliferative capacity, or from genetic/epigenetic alterations of hepatic progenitor cells (HPC). Indeed, the majority of liver malignancies, especially HCC, but also CCA, generally arise against a background of chronic liver disease, where both ductular metaplasia of hepatocytes and HPC activation are often intensely stimulated. HPCs are reactive cells with bipotential capabilities towards either hepatocyte or cholangiocyte lineages, located in a niche at the level of the canals of Hering or in the peribiliary glands. In experimental conditions, the HPC compartment is activated following extensive liver damage in order to replace the epithelial cell loss. Conversely, in human disease settings, HPCs are triggered even in mild forms of injury, without a replicative block of liver epithelial cells. In the presence of persistent, unresolving liver damage, proliferating HPCs can undergo genetic or epigenetic mutations due to the effects of mutagenic agents released in the inflammatory microenvironment, such as oxygen radicals or NO [107] . 
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Notably, at variance with other epithelial cancers where the CSC population is usually minimally represented, in CCA, more than 30% of tumor cells express phenotypic markers of CSC [106] , as outlined in Table 1 . Among them, CD13, also known as aminopeptidase N, is a transmembrane glycoprotein expressed by circulating granulocytes and monocytes, but also by fibroblasts and by some epithelial cells lining the renal, intestinal and respiratory mucosa. In CCA, the expression of CD13 is typically found in mixed-iCCA subtypes [105] , and as shown in HCC, it may protect cells from apoptosis and reduce DNA damage elicited by ROS induced by chemotherapeutic drugs, such as 5-FU [108] . Another CSC marker reported to be involved in chemoresistance is CD24, a membrane sialoglycoprotein aberrantly overexpressed in hematological malignancies, as well as in solid tumors, including CCA. In CCA, the expression of CD24 is associated with poor prognosis, reduced disease-free survival [110] and increased invasiveness, due to the activation of the ERK pathway and the upregulation of CXCR4, the cognate receptor for SDF-1/CXCL12 [111] . CD44 is the receptor for hyaluronic acid; in head and neck squamous cell carcinoma, hyaluronan enables CD44 to physically interact with the transcription factors Oct4, Sox2 and Nanog, which are critical determinants of embryonic cell differentiation. The resulting Oct4-Sox2-Nanog complex upregulates a number of pro-survival proteins (including XIAP) via microRNA (miR)-302, thereby leading to clonal formation and cisplatin resistance [122] . Laminin-332 is a matricellular peptide formed by three subunits, involved in cell adhesion and metastasization. In CCA, laminin-332 expression, in particular of its γ2-chain, is fundamental for maintaining theself-renewal abilities of CSCs and for inducing resistance to doxorubicin and sorafenib, an effect mediated by mTOR activation [120] .
Main Signals Released within the TRS Promoting CCA Chemoresistance
In addition to stimulating the expansion of the CSC compartment, the multiple interactions established by the cellular components of the TRS with neoplastic bile ducts can directly promote the development of a chemoresistant phenotype, by activating specific intracellular pathways within the cancer cell. The extensive array of TRS-derived chemokines, growth factors and morphogens responsible for this pro-neoplastic effect are summarized in Figure 1 . Some of these are considered more fully below. 
Interleukin-6 (IL-6) Family
IL-6 can be considered the godfather of a large family of cytokines, which comprises, among others, IL-11, IL-27, Oncostatin M (OSM) and LIF. Members of the IL-6 family are major inflammatory mediators inducing chemoresistance in CCA, as well as one of the main molecular players of CCA tumorigenesis and progression. In CCA, IL-6 is produced not only by inflammatory cells and CAFs, but also by the malignant cholangiocytes themselves [123, 124] . Autocrine and 
IL-6 can be considered the godfather of a large family of cytokines, which comprises, among others, IL-11, IL-27, Oncostatin M (OSM) and LIF. Members of the IL-6 family are major inflammatory mediators inducing chemoresistance in CCA, as well as one of the main molecular players of CCA tumorigenesis and progression. In CCA, IL-6 is produced not only by inflammatory cells and CAFs, but also by the malignant cholangiocytes themselves [123, 124] . Autocrine and paracrine IL-6 facilitates CCA growth mainly by promoting survival of neoplastic cholangiocytes. For instance, overexpression of IL-6 in CCA cells significantly reduced the number of apoptotic cells following exposure to cytotoxic agents [124] . Similarly, CCA cells treated with a neutralizing anti-IL-6 antibody were more sensitized to TRAIL-mediated apoptosis [123] . The pro-survival effects of IL-6 mainly rely on the upregulation of the anti-apoptotic protein Mcl-1, via PI3K/Akt [123] and p38 mitogen-activated protein kinase (MAPK) pathways [124] . Interestingly, IL-6-mediated resistance to apoptosis in CCA cells was further enhanced by epigenetic silencing of the suppressor of cytokine signaling (SOCS)-3, a negative-feedback regulator of IL-6 signaling [2] . Stimulation of cell survival, however, is not the only mechanism by which IL-6 prompts tumor growth. In fact, previous studies unveiled the ability of IL-6 to encourage the proliferation of neoplastic cholangiocytes, through activation of p44/p42 and p38 MAPK [125] .
Similar to IL-6, LIF can be secreted by numerous cell types, including stromal (fibroblasts, monocytes, macrophages, T cells) and epithelial (endometrial cells, hepatocytes, osteoblasts) cells [126, 127] . Whereas data about possible involvement of IL-11, IL-27 and OSM in chemoresistance are hitherto lacking, interest in LIF is continuously increasing. LIF is a pleiotropic cytokine originally identified for its anti-proliferative action on M1 leukemic cells, but also able to regulate a number of biological activities, from blastocyst engraftment [128] , to modulation of regulatory T cell activity [129] and bone metabolism [130] , through to the maintenance of the multipotency of mesenchymal stem cells [131] . Moreover, LIF can either promote or inhibit cell proliferation and differentiation depending on the maturation stage of the cell type [126] . LIF binds to a heterodimeric receptor formed by two subunits, the ligand-specific low affinity subunit LIFR and the ubiquitous co-receptor gp130 [126, 132, 133] . Transduction of LIF signaling is associated with activation of variably integrated different pathways, including the Janus kinase (JAK)-signal transducer and activator of transcription (STAT)-3 and the PI3K/Akt pathways [126, 127, 134, 135] . Overexpression of LIF and LIFR/gp130 was observed in CCA [136] , as well as in other epithelial malignancies enriched in TRS, such as breast and prostate cancers [137, 138] .
Our recent studies show that cultured human CCA cells treated with LIF are protected from apoptosis induced by gemcitabine and cisplatin, an effect mediated by a STAT3-and MAPK-independent, PI3K/Akt-dependent Mcl-1 upregulation. Notably, other anti-or pro-apoptotic proteins, such as Bcl-2 and Bax, were unaffected [136] . Based on these observations, pharmacological strategies aimed at interfering with LIF signaling or its downstream effectors (Mcl-1 targeted by maritoclax) may offer new tools to increase CCA responsiveness to chemotherapeutic agents.
Platelet-Derived Growth Factor
PDGF is a family of growth factors that act as potent mitogens for fibroblasts, smooth muscle cells and other cells of mesenchymal origin. PDGF family encompasses four isoforms of PDGF (from PDGF-A to -D) that specifically interact with two transmembrane tyrosine kinase receptors (PDGFR-α and -β). The ligands are all homodimers composed of polypeptide chains linked together by disulfide bridges, with the exception of one heterodimer (PDGF-AB), the physiological significance of which is uncertain [139, 140] . While ligands may variably interact with both receptors in vitro, binding in vivo is more specific: PDGF-AA, -BB and -CC bind only PDGFR-α, while PDGF-BB and -DD bind only PDGFR-β [139] . In fibroblasts, mitogenic, motogenic and chemotactic effects of PDGF are regulated by the activation of several intracellular effectors, such as PI3K, phospholipase C (PLC), Ras (via the activation of Grb2/Sos), STAT [140] , JNK and the Rho GTPases [85] . PDGF signaling is also known to play a crucial role in tumor progression. In HRas-transformed breast cancer cells, autocrine PDGFR signaling is aberrantly triggered during TGF-β-induced EMT, due to concomitant overexpression of both ligands and receptors. Sustained PDGF signaling is required for the maintenance of EMT (through activation of STAT1), as well as for the protection from apoptosis (through activation of PI3K) [141] . Besides being a critical mechanism of cell invasiveness, EMT also endows cancer cells with heightened resistance to apoptosis. For instance, EMT induction by PDGF-D represents a mechanism of chemoresistance in prostate cancer cells, where PDGF-D overexpression correlated with the downregulation of E-cadherin and increased expression of Snail2, N-cadherin, ZEB1, ZEB2 and vimentin [142] . Of further interest, in CCA, PDGF-BB, which is mainly secreted by CAF, enables cancer cells to become resistant to TRAIL-induced apoptosis. Anti-apoptotic effects of PDGF-BB rely on an intimate cross-talk with Hedgehog (Hh) signaling, based on the ability of PDGF-BB to stimulate the Hh coreceptor Smoothened (Smo), which leads to the activation of the transcription factor Gli and, in turn, to a reduced activation of caspase-3/7 [143] . In other cancer types, upregulation of PDGF-BB is reported even in neoplastic cells, due to hypoxia [95] or TGF-β stimulation [144] . A further effect on drug resistance exerted by the PDGF-BB/PDGFR-β axis that can be relevant in the TRS is the regulation of tumor interstitial pressure: in fact, PDGFR-β inhibition by imatinib increased uptake and thus enhanced the antitumor effects of cytotoxic drugs [139, 144] .
Wnt/β-Catenin
The complex Wnt/β-catenin morphogenetic pathway is highly conserved throughout evolution; it is involved in fetal development and in several fundamental cellular functions, dependent on the activation of either canonical or non-canonical Wnt signaling [145] . Originally discovered as part of the adherens junction complex, β-catenin was then identified as a transcriptional co-activator of Wnt target genes. By stimulating phosphorylation of β-catenin, the canonical pathway supervises a number of cellular processes underpinning hepatic reparative/regenerative mechanisms, including stemness activation and cell fate determination of progenitor cells [145] . On the other hand, the non-canonical pathway regulates cellular responses fundamental for morphogenesis, such as cell reshaping and motility, and planar cell polarity, which is necessary for ductal epithelia structuring [145] . The canonical pathway is activated by the binding of one of the several Wnt ligands to membrane receptors, these being frizzled (Fz) and its co-receptor low-density lipoprotein receptor related protein (LRP) 5/6. Normally, cytoplasmic β-catenin is segregated within a destruction complex, composed of the tumor suppressor Axin interacting with the adenomatous polyposis coli (APC), Wilms tumor gene on X chromosome (WTX) and other serine-threonine kinases (CK1α, -δ and -ε and GSK3α, -β) [146] . When Wnt stimulus is lacking, β-catenin is sequentially phosphorylated in different serine (Ser) and threonine (Thr) highly conserved residues (CK1 for Ser-45 and Thr-41, GSK3 for Ser-37 and Ser-33) [146] . Phosphorylation at Ser-33 and Ser-37 makes β-catenin targetable by the E3 ubiquitin ligase β-TrCP, eventually leading to its ubiquitination and proteasomal degradation [146] . Upon Wnt stimulation, β-catenin disruption is turned off, allowing its translocation into the nucleus, where it binds to the T cell factor/lymphoid enhancer factor (TCF/LEF) to activate Wnt target genes [146] . Recently, an alternative, non-canonical pathway of β-catenin activation has been described in cholangiocytes, induced by the cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) axis, which phosphorylates β-catenin at the Ser-552 and Ser-675 residues. This abnormal phosphorylation stabilizes β-catenin and inhibits its ubiquitination, allowing its nuclear translocation and transcriptional activation [147] . In CCA cells, aberrant activation of Wnt/β-catenin signaling is a relevant mechanism for drug resistance, as demonstrated both in vitro and in vivo. In particular, cultured CCA cells (QBC939) exposed to Wnt3a develop an increased resistance to several chemotherapeutic drugs, including 5-FU, cis-diammineplatinum, vincristine and mitomycin C. This effect was not mediated by the activation of the conventional pathways operating in chemoresistance (PI3K/Akt and NF-κB), but by the nuclear translocation of β-catenin, which is associated with the upregulation of ABCB1/P-glycoprotein [148, 149] . Wnt signaling stimulation could be also obtained by co-culture of CCA cells with mesenchymal stem cells, which actually led to increased nuclear translocation of β-catenin, along with upregulation of Wnt target genes, namely MMP-2, cyclin D1 and c-Myc. Importantly, these phenotypic changes are functionally related to chemoresistance, both in vitro and in vivo [150] . Moreover, during cholestasis, Wnt7b and Wnt10a are also able to trigger cholangiocyte proliferation in a β-catenin-independent manner, acting through an autocrine loop [151] .
Hippo Pathway
Also known as the Salvador/Warts/Hippo (SWH) pathway, the Hippo kinase cascade is, in common with Wnt/β-catenin, an evolutionarily-conserved pathway that controls several physiological and pathological cellular responses. It is critically involved in organ development, organ sizing, amplification of tissue-specific progenitor cells and tissue renewal, regeneration and repair. Not surprisingly, recent data strongly support dysregulation of the Hippo pathway as significantly involved in cancer progression and metastatic dissemination [152, 153] . In Hippo signaling, mammalian sterile 20-like kinase (Mst)-1/2 (the human orthologues of the Drosophila Hippo protein) binds to the Salvador family WW domain containing protein (SAV)-1 to form a complex that phosphorylates and activates large tumor suppressor kinase (LATS)-1/2. In turn, LATS1/2 maintains in a phosphorylated state the two main downstream effectors of the Hippo pathway, the transcriptional co-activator yes-associated protein (YAP) and its paralog, transcriptional co-activator with PDZ-binding motif (TAZ). While YAP/TAZ are phosphorylated, they are maintained as integral components of the β-catenin destruction complex [154, 155] . Once dephosphorylated, YAP/TAZ translocate into the nucleus to activate several transcription factors, such as the TEA-domain (TEAD)1-4 [154, 155] , dictating the expression of several mitogenic genes, among which are connective tissue growth factor (CTGF) (which is relevant in liver fibrosis), ankyrin repeat domain 1 and cysteine-rich angiogenic inducer 61 [156] . YAP plays a broad pro-oncogenic role, from regulation of the balance between proliferation and apoptosis, to induction of motility/EMT, and its perturbation has been reported in liver, skin, breast and lung carcinomas, among others [157] . In human CCA cells, forced expression of a constitutively active form of YAP led to decreased expression of TRAIL, resulting in enhanced resistance to Nutlin-3, a chemotherapeutic drug preventing the interaction between p53 and its inhibitor MDM2. In CCA, both in vitro and in vivo, YAP activation also resulted in increased tumor cell proliferation and angiogenesis [158] .
Notch
Notch is a developmental signal involved in cell fate determination and tissue morphogenesis, acting through a mechanism of mutual cell contact, which exerts opposing effects of 'lateral inhibition' and 'lateral induction'. In adults, Notch signaling regulates self-renewal and differentiation of organ-specific stem cells, a fundamental mechanism in liver repair and regeneration. Cell-cell contacts are required for Notch signaling activation because both ligands (Jagged 1 and 2 and Delta 1, 2 and 4) and receptors (Notch 1-4) are bound to the cell surface. Following physical interaction between "sending" and "receiving" cells, the Notch intracellular domain (NICD) undergoes a sequential proteolitic cleavage by ADAM10/TACE metalloprotease first and then by γ-secretase. During development of the intrahepatic biliary epithelium, NICD enters the nucleus and links to a specific DNA-binding partner, called recombination signal binding protein immunoglobulin kappa J (RBP-Jk), in order to stimulate expression of Notch target genes. Among them, hepatocyte nuclear factor (HNF)-1β, sex determining region Y-box (Sox)-9, hairy and enhancer of split (Hes)-1 and -5, hairy/enhancer-of-split-related with the YRPW motif (Hey)-1 and -2 are relevant for biliary cell specification [159] . Dysregulation of Notch signaling, affecting both ligands and receptors, has been frequently reported in the pathogenesis of several epithelial malignancies, including cervical, craniofacial, renal, lung, pancreatic, ovarian and gastric carcinomas, as well as HCC and CCA [160, 161] . A growing body of data pinpoints the peculiar ability of Notch to transform HPCs. In more than 30% of HCC, neoplastic hepatocytes showed nuclear expression of Notch 1 and 3, which was associated with both over-activation of Notch target genes and expression of stem cell signatures, likely supporting the role of Notch in promoting the expansion of the CSC niche [162, 163] . Furthermore, persistent activation of Notch in hepatocytes, coupled with stimulation of Akt signaling, converted normal hepatocytes into cholangiocytes, eventually behaving as precursors of a rapidly progressing, highly invasive iCCA [164] . Similarly, in a transgenic mouse model, overactivation of NICD within HPCs led to intrahepatic cholangiocarcinogenesis, due to persistent activation of cyclin E1, which ultimately induced DNA double-strand breaks. Of note, blocking of γ-secretase activity downregulated cyclin E1 expression, an effect associated with the induction of cancer cell apoptosis and subsequent tumor remission [165] . Furthermore, down-modulation of Notch 1 in cultured iCCA cells (RBE and HCCC-9810) decreased the expression of two efflux pumps, namely ABCB1/P-glycoprotein and multidrug resistance-associated protein 1 (MRP1), making these cells more sensitive to toxicity induced by 5-FU [166] .
Hedgehog
Hedgehog (Hh) is a pathway promoting cooperative morphogenesis of different tissues and organs and, in fetal liver, to differentiation of both hepatocytes and cholangiocytes from hepatoblasts, in concert with Notch [167] . In physiological conditions, this pathway is repressed by the inhibitory binding of the canonical receptor Patched (Ptc) to the G protein-coupled receptor-like Smo. When Ptc is bound by its specific ligands, (i.e., Sonic (Shh), Desert (Dhh) and Indian (Ihh)), the inhibitory link between the two receptors is lost, allowing Smo phosphorylation/activation. This leads to disruption of the cytoplasmic complex composed of suppressive fused (Su(Fu)), kinesin family member (Kif)-7 and Gli proteins 1/2/3. Once released from this complex, Gli proteins are processed into transcriptional activators, which enter the nucleus to activate the transcription of Hh-related genes, such as Gli1, Ptc, Cyclin D, Cyclin E and c-Myc [145] . Features consistent with Hh activation have recently been described in nearly 50% of CCA [168] , where they correlate with an increased survival of neoplastic cholangiocytes [167] , potentially underlying the development of chemoresistance. In CCA cells (KMCH, HuCCT-1, Mz-Cha-1), Hh signaling was constitutively active and suppressed the expression of DR4, thereby increasing cancer cell resistance to TRAIL-induced apoptosis, an effect blunted by the Smo inhibitor cyclopamine [169] . In particular, the Hh-mediated DR4 downregulation relied on both the functional activation of Gli3, which directly repressed DR4 promoter function [169] , and the transcriptional activation of miR-25, which inhibited the translation of DR4 mRNA [170] . In addition, autocrine Hh signaling (especially Gli1 and Gli2) further counteracted CCA cell apoptosis by upregulating the expression of the cell division regulator polo-like kinase (PLK)-2, which prevented Mcl-1 from proteasomal degradation [171] . Consistent with these in vitro findings, growth of human CCA cells xenografted in nude mice was partly hampered by different strategies of Hh blockade, namely BMS-833923, a small-molecule Smo inhibitor [168] , cyclopamine [168, 172] or BI 6727, a PLK inhibitor [171] .
Concluding Remarks and Future Directions
The increasing incidence of CCA in Western countries is placing a pronounced burden on health providers. Owing to the current paucity of effective therapies, CCA remains a devastating disease, which still carries an extremely poor prognosis. Curative surgery, including resection or liver transplant, represents a therapeutic option only if the tumor is diagnosed early enough and is a viable option for only a minority of patients. In most patients, CCA is recognized only at an advanced stage, but chemotherapy, which conventionally has been ruled out, is still currently yielding limited beneficial results, due in part at least to the strong chemoresistance of this tumor. The highly aggressive nature of CCA and its rapid progression are supported by the rich stromal reaction that typically develops in close association with the neoplastic epithelial growth. Indeed, within the desmoplastic microenvironment, a multitude of autocrine and paracrine signals are released, facilitating close interactions between the stromal and cellular compartments. Many of the soluble factors, including cyto/chemokines (e.g., IL-6), growth factors (e.g., PDGF) and morphogens (e.g., Wnt/β-catenin, Hippo, Notch and Hh), are also relevant for the development of a chemoresistant phenotype, either by providing CCA cells with tools to escape from drug-induced apoptosis or by expanding the CSC compartment. As previously outlined, by dissecting the intimate nature of these molecular mechanisms (Figure 1) , new therapeutic strategies that may circumvent chemoresistance are emerging. For instance, the IL-6/LIF effector Mcl-1 (by maritoclax), PDGFR-β (by imatinib), Wnt/β-catenin signaling (by XAV939, which promotes β-catenin degradation by stabilizing axin) and Hh signaling (by cyclopamine) are all putative targets amenable of intervention to sensitize CCA cells to chemotherapeutic drugs. These molecular targets may provide novel approaches to be used in combination, following the example of cisplatin and gemcitabine, as originally proposed by Valle [10] . Among them, several drugs and small molecules are under phase I/II investigation in different epithelial cancers, such as Dactolisib (PI3K inhibitor), Maritoclax (Mcl-1 inhibitor) and Tariquidar (MDR1 inhibitor), but to date, none of them is under consideration for CCA treatment.
Additional inputs are awaited from studies further unraveling the inflammatory and the immunological responses sustaining CCA chemoresistance. One of the main "grey" areas deserving more attention, is the complex role played by tumor-associated macrophages. In addition to M2 macrophages, M1 macrophages in cooperation with other inflammatory cell types (neutrophils, NK cells) could also be actively involved in desensitizing neoplastic cholangiocytes to cytotoxic drugs and stimulating CSC expansion. Moreover, an emerging therapeutic strategy is the attractive capability to interfere with the CSC compartment. CSC may be regarded as a potential "Achilles' heel" for different types of tumors [173] , because they bear several surface antigens amenable to immunotherapy intervention. For instance, polymer nanoparticles impregnated with paclitaxel specifically targeting CD133 have been recently used to treat colorectal adenocarcinoma cells in vitro with promising results [174] . Other surface markers under investigation as potential opportunities of anti-CSC therapies are CD44 and CD47, druggable with specific monoclonal antibodies [175, 176] .
It is hoped that expansion of knowledge in the areas reviewed will ultimately widen the subset of CCA patients eligible for radical treatments in the near future, thus alleviating the disease burden of this malignancy.
